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A mult i -channel  photometer has been. developed f o r  space  

a p p l i c a t i o n s  r e q u i r i n g  1 . 0 ~  ?,;eight and power, no moving p a r t s  

and hj.gh s e n s i t i v i t y .  The photocatho3.e o f  a s p e c i a l  photot-l_ibe 

i s  d i v i d e d  i n t o  f o u r  e l e c t r i c a l l y  and o p t i c a l l y  ' d i s t i n c t  

q u a d r a n t s  The system o p e r a t e s  w i t h o u t  d e g r a d a t i o n  a f t e r  

exposure  t o  f u l l .  s u n l i g h t ,  and h a s  a s e n s i t i v i t y  down t o  

t h e  order of ray le ig 'ns  (10 photons  cm sec ) The c o x p l e t e  
G -2  -1 

photometer ,  i n c l u d i n g  h igh-vol tage  and c o n t r o l  c i r c u i t r y  ard 

s i g n a l  c o n d i t i o n i n g  w i t h  AyD c o n v e r t e r  and t h r e e  l e n s e s  an6 

i n t e r f e r e n c e  T i l t e r s ,  has a weight  o f  3.8 lbs,  power consc.rp- 

t i o n  of less t h a n  0 . 3  w a t t s . a n d  swi t ch ing  speeds u.p -Lo 30 

cyc le s / sec .  These are t o  be compared w i t h  a previous m u l t i -  

channel  photometer 1t7ith a moving f F l t e 2  . .  . wheel,  whose c o r r e s -  

ponding c h a r a c t e r i s t i c s  were 20 lbs., 7 t o  9 watts and 0.1 

cycles/second.  
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R e l a t i v e l y  few photometers  have. been flown succe - s s fu l ly  i n  

s a t e l l i t e s ,  a l though  rocket-borne photometry i s  i n  an advanced 

s ta te  of t h e  ar t .  The d i f f e r e n c e  i s  due i n  many ways t o  t h e  

more s t r i n g e n t  requi rements  of l i g h t  we igh t ,  low p o w e r  and h igh  

r e l i a b i l i t y  t h a t  are  needed f o r  s a t e l l i t e - b o r n e  d e v i c e s ,  

r e p o r t  here on a mul t i -channel  photometer which h a s  no moving 

p a r t s  and whicii r e p r e s e n t s  a s i g n i f i c a n t  advance i n  t h e  s ta te  

of t h e  a r t  of s a t e l l i t e  photometry.  I t s  immediate a p p l i c a t i o n  

i s  t o  photometry o f  a u r o r a s  and a i rg low,  b u t  i s  r e a d i l y  a d a p t a b l e  

t o  s t e l l a r  t h r e e - c o l o r  photometry and o t h e r  s t u d i e s  

We 

. .  

A review o f  spacs-borne a u r o r a l  and. a-irglow photometry h a s  

been g iven  r e c e n t l y  [O 'Br ien ,  19661. The in s t rumen t s  have gener- 

a l l y  been o f  a s ing le -channe l  v a r i e t y ,  w i t h  an  i n t e r f e r e n c e  f i l t e r  

p l u s  simple opt ics  i n  f r o n t  of a s i n g l e  photomul t ip l i . e r  (cf .  O ' B r i e n  

and Tay lo r ,  1964) .  A more complex a r r a y  has  been t h e  mechanically-' 

d r i v e n  f i l ge r -whee l  rotated i n  f r o n t  of a s i n g l e  photo tube ,  and 

u t i l i z e d  i n  t h e  l a r g e  O r b i t i n g  Geophysical  O b s e r v a t o r i s s  [Reed 

and Blamont, 19661. 

W e  have achieved  a comprornise between t h e  t e c h n i c a l  s impl i -  

c i t y  o f  t h e  s ing le -channe l  photometer and t h e  s c i e n t i f i c  d e s i r -  

a b i l i t y  of t h e  mul t i -channel  photometer  by u t i l i z i n g  a quadrant  

photometer ,  wherein t h e  photocathode o f  a s i n g l e  p h o t o m u l t i p l i e r  

i s  d i v i d e d  i n t o  f o u r  e l e c t r i c a l l y - d i s t i n c t  qJiadrants.  When t h r e e  

of t h e  q u a d r a n t s  are e l e c t r i c a l l y  b i a s e d  o f f ,  o n l y  t h e  f o u r t h  

quadran t  - h e l d  a t  a nominal 200 v o l t s  lower p o t e n t i a l  t h a n  the 

f i r s t  dynode - e m i t s  p h o t o e l e c t r o n s  t h a t  produce secondary elec- 

t r o n s  and hence a photo tube  o u t p u t  o r  s i g n a l .  Consequently,  o n e  

c a n  p l a c e  f o u r  , s e p a r a t e  o p t i c a l  systems i n  f r o n t  o f  t h e  quadran t  

t u b e ,  and by e l e c t r i c a l l y  cornmutating t h e  " a c t i v e "  quadran t ,  one 
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can  o b t a i n  a four -channel  photometer with a s i n g l e  phc:~tot.u.be, 

and w i t h  o n l y  a s i n g l e  o u t p u t  l i n e ,  A s  a result, one can  make 

p a r t i c u l a r l y  a c c u r a t e  m e z s u r e m e n t s  of re la t ive  i n t e n s i t i e s  of 

d i f f e r e n t  spectral  f e a t u r e s ,  because  any s e n s i t i v i k y  changes 
' a  

I, due t o  high-voltage v a r i a t i o n s  , tempera.ture,  a g i n g ,  X-rays, etc.  , 
*$ 

are t h e  same €or each spectral  channe l .  T h e  electrical- com- 

muta t ion  e l i m i n a t e s  t h e  m e c h a n i c a l l y - . ~ ~ ~ o v i n g  p o r t i o n  n e c e s s i t a t e d  

by  f i l t e r - w h e e l  photometry,  and also permits s w i t c h i n g  speeds 

i n  excess o f  100 c / s  which are much fas te r  t h z n  a u s u a l  satel.- 

3 it e-bo r n e  f i 1 t e r-whe e 1 system 

4 
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DEVELOPMENT O F  THE SYSTEM - 
Initial f e a s i b i l i t y  o f  . t he  system was examined by u s  us ing  the 

s t a n d a r d  " s t a r - t r a c k e r "  photo tube  t y p e  number 568 of Electro-Xechanical  

Research (EMR) Ascop Div i s ion .  T h e  t o t a l  photocathode r a d i u s  i n  t h i s  

d e v i c e  i s  o n l y  0 .3  cm. S ince  o u r  a p p l i c a t i o n  r e q u i r e d  f i l t e r  aper- 

t u r e s  s e v e r a l  c e n t i m e t e r s  i n  d i ame te r  ( f o r  adequate  s e n s i t i v i t y )  ar,d 

focal systems w i t h  i d e f i t i c a l  f i e l d s  o f  v i e w  (so t h a t  a l l  channels  

viewed t h e  same phenomenon), w e  found t h e  op t ica l  complexi ty  of a 

star-tracker system t o  be u n s a t i s f a c t o r y .  The problem i s  complicated 

by  t h e  need. t o  focus  t h e  beams o f  l i g h t  w i t h  r e l a t i v e l y  l i t t l e  

d ivergence  so t h a t  t h e r e  w i l l  be l i t t l e  quadrant- to-quadrant  i n t e r -  

. f e r ence  from p h o t o e l e c t r o n s  produced e l sewhere  t h a n  on t h e  serni- 

t r a n s p a r e n t  photoca thodes  . 

. .  

. .  

-Accord ingly ,  EXR produced s p e c i a l  l a r g e r  quadran t  photoca thodes  

w i t h  a , s e n s i t i v e  area o f  r a d i u s  1.8 c m  and t y p e  573 photo tubes  f o r  

R i c e  U n i v e r s i t y .  EMR a l so  w a s  made r e s p o n s i b l e  f o r  development and , 

f a b r i c a t i o n  o f  t h e .  swi t ch ing  c o n t r o l  c i r c u i t r y  and t h e  h igh-vol tage  

power supp ly  t o  R i c e  spec i f ica t j -or i s .  R i c e  p e r s o n n e l  w e r e  r e s p o n s i b l e  

f o r '  a l l  'mechanical,  op t i ca l  and s i g n a l - p r o c e s s i n g  d e v i c e s  u t r l i z e d  

i n  tba f i n a l  u n i t s .  The f i n a l  u n i t s  w e r e  f a b r i c a t e d  a f t e r  s e v e r a l  

i t e r a t i v e  d e s i g n s  and tes ts  and c a l i b r a t i o n s ,  w i t h  work begun i n  

mid-1965. Four f i n i s h e d  u n i t s  are i n  hand a t  R i c e  Universi ty:  and 

f i v e  more are  be ing  procured  p r i o r  t o  mid-1967 f o r  u t i l i z a t i o n  i n  

several s a t e l l i t e s .  Numerous m o d i f i c a t i o n s  of  t h e  system can be 

r e a d i l y  implemented, and s o m e  o f  t h e  f l e x i b i l i t y  of  a p p l i c a t i o n  i s  

d i s c u s s e d  b e l o w .  

. 
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The e x i s t i n g  quadran t  photometer subsystem c o n s i s t s  of  t h e  

( L )  c o l l i m a t o r  and a p e r t u r e s  

(ii) f i l t e r  se t  

(iii) l e n s e s  

( i v )  photo tube  w i t h  quadran t  photocathode 

(VI h igh-vo l t age  power supply  

( v i )  swi t ch ing  c o n t r o l s  

( v i i )  moni tor  c i r c u i t s  

( v i i i )  a n a l o g - t o - d i g i t a l  c o n v e r t e r  

( i x )  s i g n a l  c o n d i t i o n e r  f o r  o u t p u t  

( X I  mechanical  assembly. 

F i g u r e s  1 and 2 show t h e  i n t e g r a t e d  photometer and t h e  i n d i v i d -  

u a l  op t ics  sub-assemhly. An e lec t r ica l  b lock  diagram i s  shown i n  

F i g u r e  3. Cons ide rab le  v a r i a t i o n  o f  s e v e r a l  des ign  f e a t u r e s  i s  

p o s s i b l e  f o r  v a r i o u s  s c i e n t i f i c  a p p l i c a t i o n s ,  The fo l lowing  des- 

c r i p t i o n s  p e r t a i n  t o  t h o s e  u n i t s  developed f o r  flight on t h e  

m a g n e t i c a l l y - o r i e n t e d  Rice/NASA sa t e l l i t e s  code-named OWLS and  t h e  

RiceI’ONR s a t e l l i t e  code-named AURORA 1, a l l  des igned  f o r  a u r o r a l  

and a i rg low s t u d i e s  from h i g h - i n c l i n a t i o n  orbits a t  a l t i t u d e s  of 

500 t o  1000 km, w i t h  nominal one-year o p e r a t i o n a l  l i f e t i m e s .  

. It  can be no ted  f r o m  t h e  f i g u r e s  t h a t  o n l y  t h r e e  of t h e  quad- 

r a n t s  receive l i g h t  pas sed  by  one o f  t h e  t h r e e  . f i l t e r s ,  w h i l e  t h e  

f o u r t h  quadran t  i s  b locked  o f f .  T h i s  i s  done so t h a t  t h e  f o u r t h  

quadran t  w i l l  moni tor  dark c u r r e n t ,  so t h a t  i n  t u r n  a c c u r a t e  cor- 

r e c t i o n s  f o r  dark  c u r r e n t  may be made t o  o t h e r  q u a d r a n t s  so as t o  

detect ve ry  f a i n t  l i g h t  sources .  The u n i t  could  a l s o  be adapted  

t o  fou r -co lo r  photometry i f  d e s i r e d .  

Prom a s a t e l l i t e  system viewpoin t ,  it should a l s o  be no ted  

t h a t  t h e  photoineter t empera tu re  i s  monitored so t h a t ‘  t he rmion ic  dark  

c u r r e n t  may be e s t i m a t e d  from p r e f l i g h t  c a l i b r a t i o n s .  A s  we have 



done p r e v i o u s l y  ( c f .  0 ' ~ r i c n  and Tay lo r ,  19643 we a lso  crperate 

t h e  s a t e l l i t e s  a t  r e l a t i v e l y  c o o l  t empera tu res  (noininal 0 C t o  

30 C )  so 2s t o  minimize the rmion ic  dark  c u r r e n t .  An a d d i t i o n a l  

s o u r c e  of dark  c u r r e n t  i s  t h e  bofi~lmrdment by e l e c t r o n s  o f  t h e  

S t a r f i s h  and Van Al len  r a d i a t i o n  zones.  Such e f f e c t s  have been 

0 

0 

-I 

h 

. 

observed by u s  p r e v i o u s l y  (see F i g u r e  3 of  O 'Br i en  and Tay lo r ,  

1964)  and t h e y  m a y  be e s t i m a t e d  from knowledge and measurernent 

of t h e  p a r t i c l e  fluxes and a p p r o p r i a t e  p r e f l i g h t  c a l i b r a t i o n .  

I t  w i l l  a l so  be rioted t h a t  t h e  photometers  employ n e i t h e r  

an a c t i v e  c o n t r o l  t o  exc lude  b r i g h t  l i g h t s ,  e .g .  sunl.i.ght, nor  

an a c t i v e  c a l i . b r a t i o n  system. Again, p r e v i o u s l y  proven t e c h n i q u e s  

are u t i l i z e d  ( c Z e  O'Br ien  and Tay lo r ,  1 9 6 4 ) .  Large dynode resis- 

t o r s  and c u r r e n t - l i m i t e d  va r i ab le - -vo l t age  power supplics are 

u t i l i z e d  for  p r o t e c t i o n  a g a i n s t  deg rada t ion  by d i r e c t  s u n l i g h t  

or e a r t h  a lbedo .  A s t a n d a r d  t e s t  f o r  f l i g h t  u n i t s  i s  t o  t u r n  

them on and p o i n t  them a t  a b r i g h t  s u n l i t  w a l l  so as  t o  d e r i v e  

recovery  times, etc. T y p i c a l  r e s u l t s  are  shown i n  F i g u r e  4 .  

(The p s y c h o l o g i c a l  impact of t h e  s e v e r i t y  of t h i s  test h a s  b e e n  

no ted  by one of u s  [B. J. O ' B ]  t o  l e s s e n  y r a d u a l l y . w i t h  a t i m e  

c o n s t a n t  o f  several  years.) 

I n - f l i g h t  c a l i b r a t i o n  i s  c a r r i e d  o u t  d i r e c t l y  i n  t w o  ways: 

(a} by look ing  down a t  uniform a i r g l o w  w h i l e  well-Cali- 

b r a t e d  photometers  view upwards, and 

(b) by viewing t h e  stars i n  t h e  a p p r o p r i a t e  hemisphere.  

An i n d i r e c t  c a l i b r a t i o n  may be d e r i v e d  from comparison of t h e  

observed  da rk  c u r r e n t  w i t h  t h a t  p r e d i c t e d  from p r e f l i g h t  ca l i -  

b r a t i o n  for  t h e  measured tempera ture .  A l s o ,  moni tor ing  of t h e  

a c t u a l  h igh -vo l t age  may be made i f  a p p r o p r i a t e  ana log  s i g n a l  

c o n d i t i o n i n g  i s  a v a i l a b l e .  
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OPTICAL ELEPiENTS 

Cons ide rab le  des ign  e f f o r t  w a s  n e c e s s a r y  t o  op t imize  t h e  

P op t i ca l  d e s i g n ,  so as  t o  y i e l d  

and ('4) 

v 

The 

optimum c o n f i g u r a t i o n .  Parameters a re  l i s t e d  i n  Table  1. Of f -ax i s  

r e j e c t i o n  was such t h a t  r e sponse  was less than  10% o f  t h e  peak 0 . 2  
0 0 o u t s i d e  t h e  8 .5  f i e l d  of view, and 1% o f , t h e  peak 1 . 2  o u t s i d e .  

A s  no ted  above and i n  F i g u r e  2 ,  t h e ' c o m p l e t e  op t ica l  system 

0 

0 minimum v i g n e t t i n g  ove r  a f ie ld-of -v iew of 8.5 d iameter  

maximum l i g h t  r e j e c t i o n  o u t s i d e  t h i s  f i e l d  

minimum quadrant- to--quadrant  o p t i c a l  c r o s s t a l k ,  i e e. 

minimum image s i z e  a t  t h e  optimum l o c a t i o n s  i n  each 

quadran t ,  w i t h  minimum beam divergence ,  

small s i z e  and weight  

maximum a p e r t u r e  (and t h u s  op t i ca l  s e n s i t i v i t y )  and 

f e a s i b l e  f-number 

optimum t r a n s m i s s i o n  o v e r  a wide range  o f  wavelengths ,  

s p e c i f i c a l l y  3 9 1 4 i  ( f r o m  i o n i z e d  molecular  n i t r o g e n )  and 

5577w and 6300 A (from atomic oxygenj 

minimum o p t i c a l  d i s t o r t i o n ,  e .g .  coma and s p h e r i c a l  

aberration. 

c o n f i g u r a t i o n  shown i n  F i g u r e  2 w a s  f i n a l l y  adopted as  an 

c o n s i s t s  o f  t h r e e  l e n s - f i l t e r  sets. Each i n d i v i d u a l  set c o n s i s t s .  

of a m u l t i l a y e r  i n t e r f e r e n c e  f i l t e r  from Thin F i lms ,  I n c . ,  and a 

. l e n s  s p e c i a l l y  des igned  f o r  t h a t  channel  and f i l t e r .  D i f f e r e n c e s  

between l e n s e s  are  shown i n  Table 1. Behind t h e  l e n s  i s  a t w o -  

:, component b a f f l e  system t o  reduce  s t r a y  f i g h t ,  and l a s t  t h e r e  i s  an 

i n d i v i d u a l  f i e l d  stop l o c a t e d  a t  t h e  focal p o i n t  o f  t h e  r e s p e c t i v e  

l e n s  and 0.015 i n c h e s  i n  f r o n t  0.f t h e  photoca thode  window. The 

f i e l d  s t o p  d i ame te r  and l o c a t i o n  are a d j u s t e d  so as t o  g i v e  res- 

p e c t i v e l y  t h e  d e s i r e d  f i e l d  of  view and parallel. o p t i c a l  a x e s  f o r  

a l l  t h r e e  sets  of  o p t i c s .  A l l  n o n - t r a n s m i t t a n t  s u r f a c e s  are  coated 

w i t h  "3M Black Ve lve t "  a n t i - - r e f  l e c t i o n  p a i n t .  
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Quaclran t-to--quadra!it re] e c t i o n  rdiios - measurec? wi'ch t h e  

complete op t i ca l  system - ranged fro;n 80 t o  I to over  250 t o  1. 
P The dominant v a r i a t i o n  i s  due t o  p a r t i c u l a r  c h a r a c t e r i s t i c s  of 

each tube ,  i n c l u d i n g  the u n i f o r m i t y  o f  each quadran t  and quadrant-  

to -quadrant  quantum s e n s i t i v i t y .  A s  a narrow beam of l i g h t  pro- 

j e c t e d  on one s e c t o r  becones c l o s e r  t o  t h e  i n t e r s e c t i o n  w i t h  

ano the r  sector, t h e  s i g n a l  induced i n  t h e  second sector i n c r e a s e s .  

Consequent ly ,  the o p t i c a l  system was des igned  t o  p r o j e c t  as s m a l l  

a s p o t  as  p o s s i b l e  ( a c t u a l l y  0 , 7 5  cm d iame te r )  a s  n e a r  t h e  c e n t e r  

1 

of each  qu.adrant as  p o s s i b l e .  Thinner  photocathode glass assis ts  

t h i s  task.  By t h i s  approach response  u n i f o r m i t y  is maximized and 

i n t e r - s e c t o r  c r o s s - t a l k  minimized. 

T y p i c a l  s e n s i t i v i t i e s  for  a f u l l y - q u a l i f i e d  u n i t  a f t e r  50 

h o u r s  ag ing  a t  maximum (sunlit-earth-equivalent) c u r r e n t  were 

3914i 3 2  r a y l e i g h s  

5 5 7 7 i  2 9  r a y l e i g h s  

6300A 64 r a y l e i g h s .  

H e r e  t h e  " s e n s i t i v i t y "  i s  d e f i n e d  as t h e  l i g h t  i n t e n s i t y  necessa ry  

t o  g i v e  a s i g n a l  e q u a l  t o  t h e  dark  c u r r e n t  (.in t h i s  case of  2 . 2  x 

10-l0 amps) of  t h e  t u b e  a t  room t empera tu re .  

i n c r e a s e s  t h e  s e n s i t i v i t y  by a nominal f a c t o r  of f i v e .  Fu r the r -  

m o r e ,  s i n c e  t h e  dark  c u r r e n t  i t s e l f  i s  measured, one c a n  s u b t r a c t  

it from t h e  s i g n a l  and ach ieve  s e n s i t i v i t i e s  of t h e  o r d e r  o f  ray-  

i e i g h s ,  which i s  ve ry  competitive w i t h  complex ground-based s y s t e i x .  

A r a y l e i g h  i s  e f f e c t i v e l y  a u n i t  of b r i g h t n e s s  f o r  ui i i formly-emit t ing 

objects, w i t h  1 R :- 10  photons c m  sec (Hunten, Roach and 

Chamberlain, 1956) . 

Cooling t h e  s a t e l l i t e  

-- 6 -2  .- 1 

The a c t u a l  l e n s e s  w e r e  f a b r i c a t e d  froin s p e c i a l  S c h o t t  glasses 

w i t h  a h i g h  r e f r a c t i v e  index,  as  l i s t e d  i n  T a b l e  1. The f i l t e r s  

are m u l t i l a y e r  i n t e r f e r e n c e  f i l t e r s  w i t h  nominal bandwidth 40A 
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(so as t o  minimize tefiiperature v a r i a t i o n ' s  of s e n s i t i v i t y  due t o  

t h e  change i n  t h e  wavelength of peak t r a n s m i s s i o n  by  about  -t-li 

per 4-6 C ) .  D e t a i l e d  o p t i c a l  character is t ics  are l i s t e d  i n  Table 

1. Nurnercus op t ica l  systems w e r e  b u i l t  and t e s t e d  i n  i t e r a t i v e  

d e s i g n s  t o  overcome such c o n f l i c t i n g  pa rame te r s  as minimum image 

s i z e ,  photo-cathode g l a s s  thickr,ess s u f f i c i e n t  f o r  space rugged- 

n e s s ,  feasible f-numbers and so on. Numerous changes can be made 

0 

i n  t h e s e  v a r i o u s  pa rame te r s  accord ing  to .  t h e  s p e c i f i c  u s e  of t h e  

dev ice .  

P 
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The e lec t r ica l  e lements  are shown i n  F i g u r e  3 .  The system 

operates from an un regu la t ed  payload  b u s  of ( 2 8  -i- 3 )  v o l t s  f o r  

t h e  h igh  v o l t a g e .  The quadran t  swi t ch ing  l o g i c  and t h e  A/D con- 

verter and p u l s e  oi'ltput operate g e n e r a l l y  from an un regu la t ed  

( 7  & 0.75)  v o l t s  b u s ,  Power d i s s i p a t i o n  i s  270 m i l l i w a t t s  f c r  t h e  

t u b e  h igh-vol tage  and swi tch ing  c i r c u i t s  and a f u r t h e r  2 1  m i l l i -  

w a t t s  for  t h e  A/D c o n v e r t e r  and s i g n a l  c o n d i t i o n e r  when t h e  maximum 

l i g h t  l e v e l  i s  measured, 

C l e a r l y  one cou ld  operate t h e  photo tube  w i t h  a ca thode  a t  a 

nominal -2500 v o l t s  and anode a t  0 v o l t s ,  o r  w i t h  t h e  ca thode  a t  

ground p o t e n t i a l  and t h e  anode a$ +25'00 v o l t s ,  The f i r s t  system 

i s  more a-menable t o  handl ing  o f  t h e  s igna2  - which can be a d i r e c t 7  

c u r r e n t  l i n e  -- w h i l e  t h e  sec0n.d i s  s imple r  f o r  swi tch ing  v o l t a g e  

o f  khe quadran t s .  The f i r s t  approach w a s  chosen f o r  ease o f  s i g n a l  

c o n d i t i o n i n g  and f l e x i b i l i t y  of  usage.  

The h igh -vo l t age  power supply  employs a sa tu ra t ed -co re - t r ans -  

former,  s t a n d a r d  Cockcroft-Walton m u l t i p l i e r s ,  and  an anode-current  

l i m i t e r .  I n  p r a c t i c e  we have l i m i t e d  t h e  c u r r e n t  t o  10 pa, which 

i s  s l i g h t l y  above t h e  s ignal .  when viewing t h e  s u n l i t  e a r t h  through 

t h e  f i l t e r s .  A t  these l e v e l s ,  t u b e  deg rada t ion  i s  n e g l i g i b l e  a f t e r  

an  i n i t i a l  burn-in p e r i o d  of about  50 hour s  which produces a per- 

manent g a i n  deg rada t ion  by  a f a c t o r  o f  3 t o  4. 

A s  mentioned above, it w a s  par t  o f  t h e  des ign  g o a l  t o  avo id  

' s h u t t e r s  o r  o t h e r  mechanica.1 d e v i c e s  and y e t  t o  o p e r a t e  t h e  photo- 

m e t e r  i n  space f o r  a y e a r ,  so t h a t  many t i m e s  it w i l l  view t h e  sun 

and s u n l i t  e a r t h  whose b r i g h t n e s s  i s  some 10  t i m e s  t h e  minimum 

d e t e c t a b l e  i n t e n s i t y  seen by $he dev ice .  

n iques  w e r e  used t o  avo id  damage due t o  such v e r y  b r i g h t  l i g h t ,  

v i z . :  

8 

Three e l e c t r o n i c  tech-  

i 

(a)  u s e  o f  40 Ma dynode r e s i s t o r s  so t h a t  t h e  dynode c u r r e n t  

norninally was on ly  5 pamps at '  fu l l .  v o l t a g e ,  
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(13) l i m i t i n g  the c u r r e n t  o u t p u t  of  t h e  h igh-vol tage  suppl.); 

t o  10 pamps, 

(c) reducing  t h e  v o l t a g e  as  t h e  d y ~ o d e  c u r r e n t  i nc reased .  

These t e c h n i q u e s  proved s a t i s f a c t o r y  i n  ea r l i e r  s p a c e - f l i g h t s  

[O 'Br ien  and Tay lo r ,  19645. They i n t r o d u c e  a n o n - l i n e a r i t y  i n  t h e  

response  curve ,  bu.t t h i s  can be located as  a s h a r p  "knee",  below 

which l i n e a r i t y  i s  e x c e l l e n t .  T y p i c a l l y ,  t h e  knee i s  l o c a t e d  a t  

3 vamps, so t h a t  t h e  response  i s  l i n e a r  over: a dynamic range  o f  

more t h a n  t e n  thousand t o  one,  which i s  a d j u s t e d  t o  t h e  in t ended  

a p p l i c a t i o n ,  

The h igh-vol tage  may be set e x t e r n a l l y  by  a trimming res is tor .  

Typ ica l  ranges  are  from -1800 t o  -2900 v o l t s  so as  t o  y i e l d  g a i n s  

from about  ( 3  x 10 ) t o  ( 2  x 10 ) for t h e  maximum range of  a d j u s t -  
4 6 

ment, v i z .  open c i r c u i t  t o  s h o r t  c i rcui t ,  r e s p e c t i v e l y .  

.Switching i s  achieved  e i t h e r  by a f ree- running  c lock  ( f o r  

asynchronous systems such as perhaps  an  F M  s a t e l l i t e )  or  by an 

e x t e r n a l  p u l s e  for synchronous use  ( e . g .  as  w i t h  PCM d i g i t a l .  sys t ems) .  
t r  

1 R i c e  r e q u i r e d  bo-th features fo r  d i f f e r e n t  a p p l i c a t i o n s .  The a c t u a l  

swi t ch ing  ra tes  are  v a r i a b l e  i n  o u r  a p p l i c a t i o n s  f r o m  &out 0.3 c/s 

t o  30 c/s. T h e  d u r a t i o n  o f  t h e  swi t ch ing  i n t e r v a l  i s  500 vsecs, 

and ra tes  may be o b t a i n e d  up t o  200 c/s i f  d e s i r e d .  When quadrant  

#1 i s  a c t i v a t e d ,  t h e  t u b e  s u p p l i e s  a p u l s e  f o r  e x t e r n a l  moni tor ing .  

Regu la t ion  of t h e  h igh-vol tage  i s  bet ter  t h a n  50.1% a g a i n s t  

.4 

B 

l i n e - v o l t a g e  changes,  and about  50.03% per C" a g a i n s t  t empera tu re  

v a r i a t i o n s .  I n  o u r  in t ended  a p p l i c a t i o n s ,  t h e  g a i n  changes i n  t h e  

l i n e a r  r e g i o n  are much less t h a n  t h e  u n c e r t a i n t i e s  (-10%) i n  a u r o r a l  

b r i g h t n e s s  produced by such unknown v a r i a b l e s  as  the  e a r t h  a lbedo ,  

which v a r i e s  w i t h  f o l i a g e ,  snow o r  c loud  cove r  and so on. 

The a n a l o g - t q - d i g i t a l  (A/D) c o n v e r t e r  p r o v i d e s  o u t p u t  p u l s e  

rates from -5 c / s  t o  20 kc/s accord ing  8.s t h e  anode s i g n a l  va r i - e s  

f r o m  -10 amps to t h e  maximum 10  a m p s  ' ( F i g u r e  5.). T h i s  fre- -11 -5 

quency range  was chosen f o r  op t imized  usage w i t h  t h e  s e v e r a l  s a t e l l i t e  
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t e l e m e t r y  systems used by us. 

The analog-to-frequency c o n v e r t e r  employs a f i e l d  e f f e c t  t r a n -  

sistor (FET) P h o t o m u l t i p l i e r  anode c u r r e n t  i s  a p p l i e d  t o  a capac i tox  

across t h e  g a t e  j u n c t i o n  of  t h e  FET. The rate a t  which the g a t e  w i l l  

be b i a s e d  on depends on t he  magnitude of  t h e  anode c u r r e n t  and t h e  

v a l u e  o f  t h e  c a p a c i t o r .  Each time the  FET g a t e  i s  t u r n e d  on ,  a p u l s e  

i s  produced by  a one-shot c i r c u i t ,  a l s o  a feed-back c i r c u i t  shor t s  

o u t  the g a t e  c a p a c i t o r ,  t h u s  a l lowing  t h e  g a t e  t o  close and the reby  

s t a r t i n g  t h e  process ove r .  Gate-on t i m e  i s  c o n t r o l l e d  by the feed- 

back c i r c u i t .  Nan ipu la t ion  of these t w o  parameters permits on2 t o  

c o n t r o l  t he  h i g h  and l o w  frequency l i m i t s  of t he  o u t p u t  and also the 

rate of i n c r e a s e  of o u t p u t  f requency w i t h  i n c r e a s i n g  anode c u r r e n t  

i n p u t .  A s  t h e  o u t p u t  f requency  approaches 1/~ (where -I i s  t h e  

t i m e  r e q u i r e d  t o  d i s c h a r g e  t h e  g a t e  bias c i r c u i t ) ,  t h e  ra te  of in-  

crease of  o u t p u t  f requency w i t h  i n c r e a s i n g  anode c u r r e n t  d e c r e a s e s  

s h a r p l y  and e v e n t u a l l y  goes  t o  ze ro .  T h i s  f e a t u r e ,  j u s t  as the  

anode c u r r e n t  l i m i t a t i o n ,  g r e a t l y  ex tends  the  dynarnic range ,  b u t  

n a t u r a l l y  d e c r e a s e s  r e s o l u t i o n  for i n t e n s e  l i g h t  s i g n a l s .  T y p i c a l  

c u r v e s  of c u r r e n t  i n p u t  v e r s u s  o u t p u t  f requency  (wi th  ' t empera ture  as 

a parameter) are  d i s p l a y e d  i n  F i g u r e  5. 

R K 

One thermistor i s  located on t h e  e l e c t r o n i c s  d e c k ' o f  t h e  analog- 

to- f requency  c o n v e r t e r  and one  i s  attached t o  t h e  f i b e r g l a s s  case 

of t h e  i n t e g r a t e d  quadran t  p h o t o m u l t i p l i e r .  These t w o  t h e r m i s t o r s  

w i l l  p r o v i d e  t h e  in fo rma t ion  necessa ry  t o  correct t empera tu re  

e f f e c t s  and pe rmi t  g r e a t e r  accuracy  i n  r a t io  and a b s o l u t e  response  

de t e rmina t ion? .  

Sknce t h e  A/D c o n v e r t e r  i s  made non- l inea r  a t  c u r r e n t s  above 

a f e w  m i c r o a m p s  where t he  photo tube  i s  also non- l inea r ,  t h e  o p t i c a l  

dynamic range  of t he  d e v i c e  i s  f r o m  a few r a y l e i g h s  (and hence f r o m  

a f e w  p e r c e n t  of  a i r g l o w ) ,  l i n z a r  t o  a few t e n s  o f  k i l o r a y l e i g h s  

(and hence  t o  f a i r l y  b r i g h t  a u r o r a s )  and t h e n  non- l inear  t o  some 

m i l l i o n s  of r a y l e i g h s  (and hence t o  the s u n l i t  e a r t h ) .  
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O P T I C W  CROSSTALK 

C l e a r l y  it is  desirable t o  minimize "opt ical  c r o s s t a l k " ,  i .e. 

t o  e n s u r e  t h a t  t h e  s i g n a l  a t  any i n s t a n t  i s  due dominantly t o  l i g h t  

s h i n i n g  on t h e  a c t i v e  quadran t ,  rather t h a n  t o  ' b r i g h t  l i g h t  on 

o t h e r  q u a d r a n t s ,  Cons iderable  des ign  e f f o r t  w a s  expended b y  ENR 

i n  minimizing i n t e r n a l  s c a t t e r i n g  and o t h e r  e f fec ts  t h a t  l e a d  t o  

such crosstalk.  Although a n a l y t i c a l  t r e a t m e n t  of t h e  d a t a  can t a k e  

Allowance of  such effects,  t h e y  c l e a r l y  set an upper l i m i t  t o  t h e  

r a t i o  of i n t e n s i t i e s  of measurable  spectral  f e a t u r e s .  For example, 

i n  o u r  a p p l i c a t i o n s  w e  wished t o  measure b o t h  a i rg low - where t h e  

i n t e n s i t y  of 5577A i s  some 80 t i m e s  t h e  i n t e n s i t y  of 3914A - and 

a u r o r a s  - where t h e  r a t i o  i s  about  2. S o  w e  d e s i r e d  quadrant- to-  

quadran t  r e j e c t i o n  r a t i o s  (R ) of order 1 0 0 . t o  1. 'These w e r e  

s u c c e s s f u l l y  o b t a i n e d .  It  may be no ted  t ha t  i f  one w i s h e s . t o  observe  

t w o  emis s ions  w i t h  r e l a t i v e  i n t e n s i t i e s  va ry ing  between say  10,OOC) 

ij 

t o  1 and LOO t o  I,  t h e s e  t u b e s  could  s t i l l  be. u t i l i z e d  w i t h  a 1% 

n e u t r a l  d e n s i t y  f i l t e r  t o  reduce  the b r i g h t e r  l i g h t ,  so t h a t  quadrank- 

to-quadrant  ra t ios  would v a r y  between 100 t o  1 and u n i t y .  A l t e r -  

n a t i v e l y ,  of cour se ,  one could  u s e  an 0.1% f i l t e r ,  so t h a t  t h e  r a t io  

would v a r y  between 10  t o  1 and 1 t o  10, With t h i s  second approach 

it i s  seen t h a t  one can measure a c c u r a t e l y  t h e  r e l a t i v e  i n t e n s i t i e s  

of t w o  emis s ions  eveii i f  t h e  r a t io  of t h e i r  i n t e n s i t i e s  changes 

over a r ange  o f  10,000. t o  1. 

~ Analys i s  of f l i g h t  da ta  i n v o l v e s  u s e - o f  such R .  .., w h e r e  R . ,  
1 3  3-3&L 

is the response  (e.g.  anode c u r r e n t  i n  amps/Rayleigh) when t h e  iL" 

q u a d r a n t  i s  a c t i v e  and when t h e r e  i s  a f l u x  F p a s s i n g  o n l y  through 

t h e  j o p t i c  system, and w h e r e  i and j can be 1, 2 ,  3 ,  or 4. L e t  
t h  ' j 

t h  . I. be t h e  t o t a l  o u t p u t  a t  any t i m e  when t h e  i quadran t  i s  a c t i v e ,  
1 

and l e t  I be t h e  d a r k ' c u r r e n t  a p p l i c a b l e  t o  t . h i s  quadrant .  
i D  

Then the  t o t a l  c u r r e n t s  prod.uced o v e r  one complete c y c l e  of 

t h e  photometer  are  as  follows: 
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4- R14F4 I1 11 1 1 2  2 1 3  3 

I2 R F -t. R F 4- R23q3  2 1  1 22  2 I' R24F4 

1 3 = R  F t R  F 4 - R  F 4 - R 3 4 F 4  3 1  1 3 2  2 3 3  3 

= R  F - t - R  F + R  E' 

= R  F - I - R  F 4 - R  F 4 - R  F I 4  41 1 4 2 - 2  43 3 44 4 

where i .= 4 i s  t h e  d a r k - c u r r e n t .  sector. 

Sample ze ro th -  and f i r s t - o r d e r  s o l u t i o n s  are p r e s e n t e d  below: 

1 ( z e r o t h  order)  = '1 - '4 ('lD/'4D) . - R22  

F2 '2 '4 ('2D/'4-D) R1l 

F - 

F1 ( z e r o t h  order) = I 1 /R 11 - ( I ID/IdD)  (14/Rll) ( 3 )  

Fl ( f i r s t  o r d e r )  
= [I111 r 

, ? - R43 { 13D - . - -  R42 
R33 '4D ,' R2 2 

-I*{- 

-' R43 

R33 
- -  

th 
Exper imen ta l ly  each R i s  determined by  blocking off t h e  i ij 

optics and i l l u m i n a t i n g  each channel  i n  t u r n ,  and t h e n  measuring 

t h e - r a t i o  of  1 and I etc. For example, 
i j' 

r'1 ' ID? 

'2 - I 2 D  
%2 = R22 -1 

f o r  F = F3 = 0,  and F2 'f 0. 
1. 

Note t h a t  R i s  independent  of da rk  c u r r e n t  changes s i n c e  12 , 

'1 - 'I- s i g  4- IIDand I2  = '2 s i g  4- '2D 
- 

Hence, 
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Changes i n  t h e  p r o p e r t i e s  of a photocathode of  i n g l e  s e c t o r  

would a f f e c t  R ( i  # j )  b u t  w e  have no ev idence  i j  
of p r c f e r ' e n t i a l  

d e g r a d a t i o n  a t  t h i s  t i m e .  
1 The above e q u a t i o n s  make c lear  t h e  need for 

dark  c u r r e n t s  due t o  the rmion ic  emis s ions ,  X-ray - 

measurement o f  

e f f e c t s ,  recovery  

from exposure  t o  s u n l i g h t ,  etc.  T h i s  i s  t h e  p r i n c i p a l  r eason  f o r  

o u r  c h o i c e  of a three-channel  r a t h e r  t h a n  a four-channel  system. 

Furthermore,  t h e  R s must be w e l l  c a l i b r a t e d  fo r  t h e  f i r s t - o r d e r  

c o r r e c t i o n s  t o  be a c c u r a t e .  S ince  R 

magnitude of F and F e s p e c i a l l y  a t  h i g h  l i g h t  l eve ls ,  these 

v a l u e s  must also be known even f o r  t h e  ze ro th -o rde r  de t e rmina t ion  

ii 
/ R j j  i s  a f u n c t i o n  of t h e  

ii 

i j '  

of F . /F  . 
1 . j  

.. 

P 
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DISCUSSION 

It is useful to compare the characteristics of the quadrant 

photometer with those of other photometers such as the single- 

channel- photometer flown in the Injun satellites [ O '  Brien and Taylor, 

1964) and the filter-wheel photometer devised for the Orbiting 

Geophysical Observatories [Reed and Blamont, 19661 . Comparative 

figures are shown in Table 2. The' several merits of the quadrant 

system are apparent- 

Other tecliiiical characteristics of the quadrant photometer 

include: 

Temperature range: -3OOC to 45OC;  
. .  

Ruggedization: vibration o,f 2 0 s  up to 3000 cps, and shock 

of 50g for 11 msecs; 

Switching speed: 0.3 c/s to 30 c/s. 

ActQally the unit can be utilized with even superior characteristics 

if the particular satellite application makes it necessary. For 

example, the switching speed can be as rapid as 200 c/s, and we 

have operated -the tube successfully over the temperature range -45 C 

to +60°C. 

severe design qualification levels judged necessary for launch by 

Scout rockets. 

0 

The sysFem has also survived vibration at the relatively 

The quadrant photometer therefore fulfills a long-felt need 

in space-borne photometry for a multi-channel light-weight, lo{?- 

.power, ruggedized unit both for absolute photometry and for partic- 

ularly accurate measurements of relative spectral intensities. Its 

sensitivity is such that it can be utilized for measurements of weak 

light sources such as airglow, yet it is also devised to operate 

with minimum degradation after exposure to direct sunlight. Yfnile 

its immediate application is to auroral and airglow studies, as a 

three-channel device to 'make measurements from a few rayleighs to 

some 10 

applications such as stellar or astronomical photometry, studies of 

8 rayleighs, it can be readily adapted to numerous other 

gegenschein and so on. 
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I n  a d d i t i o n  t o  t h e  pe r sonne l  o f  EMR, many o f  . t h e  s t a f f  and 

s t u d e n t s  of  t h e  Department o f  Space Sc ience  have c o n t r i b u t e d  g r e a t l y  

t o  the development and s u c c e s s f u l  complet ion of t h e  quadrant  photo- 

m e t e r s .  P a r t i c u l a r  t hanks  are  due t o  T a r i q  Aziz,  Ramon T r a c h t a ,  

B i l l  Black,  A r t  Pederson and 14. R ,  Bunnel l .  

T h i s  r e s e a r c h  was suppor ted  i n  par t  by t h e  N a t i o n a l  Aeronaut ics  

and Space Admin i s t r a t ion  under c o n t r a c t  NASG-1061 and i n  pa r t  by 

the O f f i c e  o f  Naval Research under c o n t r a c t  Nonr-496411). 

A p o r t i o n  of t h i s  work was performed w h i l e  one of  u s  (D.R.C.)  

w a s  a t r a i n e e  under NASA T r a i n i n g  G r a n t  No. T-9-62-25-145. 
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FI .GURE CAPTIONS ---. 

8 2  

0 

F i g u r e  1: Photograph o f  a completed quadran t  photometer.  

F i g u r e  2: P a r t s  o f  the  o p t i c a l  subassembly, showing (1. t o  r , )  

b a f f l e s ,  baff les ,  l e n s e s  and f i l t e r ’ s .  N o t e  t h a t  i n  these 

a p p l i c a t i o n s  one quadran t  i s  b locked  o f f  f o r  da rk -cu r ren t  

measurements. 

F i g u r e  3: E lec t r ica l  b l o c k  diagram o f  t h e  quadran t  photometer ,  

Connect ions A and B are c y c l e d  around t o  each quadran t  

swi tched  by e i t h e r  t he  i n t e r n a l  c l o c k  o r  an e x t e r n a l  

S 
sync p u l s e ,  Adjustment of the e x t e r n a l  r e s i s t o r s  R 

g i v e s  c o n t r o l  o f  t h e  c l o c k  swi t ch ing  ra te  between 0 .3  and 

30 c/s. Adjustment o f  t h e  e x t e r n a l  r e s i s t o r  R p e r m i t s  

c o n t r o l  o f  t h e  h igh -vo l t age  betwee.n abou t  1800 and 2900 

v o l t s .  D e t a i l s  o f  bias and focus  e l e c t r o d e s  n o t  shown. 

W 

F i g u r e  4: Recovery of  each quadran t  a f t e r  exposure t o  a b r i g h t  sun lF t  

w a l l .  I n  t h i s  p a r t i c u l a r  t e s t ,  each quadrant  w a s  exposed 

f o r  - abou t  t e n  seconds and the  ‘ r ecove ry  measured. 

s u c c e s s i v e  exposures  w e r e  made a t  i n t e r v a l s  o f  about  

The 

f i ve  minutes .  

Fkgure 5: Response of t h e  a n a l o g - t o - d i g i t a l  c o n v e r t e r .  The  l o c a t i o n  

of t h e  knee w h e r e  n o n - l i n e a r i t y  b e g i n s  can be a d j u s t e d  

(see t e x t ) .  Temperature v a r i a t i o n  i s  n e g l i g i b l e  excep t  

a t  t h e  lowes t  c u r r e n t s , a n d  d i r e c t  moni tor ing  of t h e  dark 

c u r r e n t  and t h e  t empera tu re  make a c c u r a t e  c o r r e c t i o n s  

possible. 



TABLE I 

OPTICAL SYSTEM O F  THE QUADRANT PHOTOMETER 

A. Lens C h a r a c t e r i s t i c s  * '  

L 

c. 

. 

L a r g e s t  e f f e c t i v e  a p e r t u r e  o f  an  i n d i v i d u a l  l e n s :  0,808'' 

Use fu l  l e n s  area: A r e a  = 0,494 i n  = 3.19 e m  2 2 

Th ickn  e s s Schot t  
hm a long  o p t i c  S u r f a c e  r a d i u s  ( i n c h e s )  G l a s s  

(A)  axis  ( i n c h e s )  F r o n t  Back t y p e  f /N  

3914 0.284 0.875 -14 59 SF-1-FA 1.16 
5577 0.330 0.875 - 9.86 SF-6 1.23 
6300 0.338 0.875 -10.25 SF-6 1.23 

B. I n t e r f e r e n c e  F i l t e r  C h a r a c t e r i s t i c s  

.Wavelength 
o f  maximum Maximum 

Bandwidth 
a t  half of 

t r a n s m i s s i o n  t r a n s m i s s i o n  m a x i m u m  
a t  T = +20 C a t  T = +20 C t r a n s m i s s i o n  0 0 

c 

3919A 

63252% 
5579 i  

0.30 
0.57 
0.58 

33A 
3 7 i  
37A 

. .  



TA 2 

INTERCONPARISON O F  SPACE-BORNE PHOTOMETERS - 

Weight 

Power  

Size 

Sensitivity 

Single Channel F i 1 t er -V?hee 1 
(O'Brien and (Blamont and 
Taylor, 1964) -.. Reed, 1 9 G G )  

1.6 lbs 20 lbs 

0.1 w 7 t o 9 w  

Number of channels 1 

' Dark-current No 
d Measurement 

Switching Speeds - 

Yes 

0.125 c / s  

Quadrant  
Photometer 
(this paper) 

3 . 8  lbs 

0.290 w 

Yes 

0.3 to 30 c/s 
(feasible to 
200 c / s )  







L u: 

0-J 
1- I- 
0 3  
1 0  - a 

at- 
K O  

9 

W 
W 

Y 
0 
Q a. 

a 





rT 
b= 

h -- E 
w 
I-- 


